In 1979 a five year project was started to develop a fluxpump for very large currents (10-100 kA) with an energy efficiency of at least 95% and maximum power under these conditions. A fluxpump is a cryogenic power supply for inductive loads. Because the device works in the cryogenic environment of a superconducting load (a magnet mostly), the heat leak and ohmic dissipation losses in case of high current feed throughs and leads from room temperature to the cryogenic space are avoided for the greater part. It depends on the circumstances and the future capacities of the fluxpump whether it can energize an inductive load completely or can only work as a loss make up device in case of demountable leads. Several reasons: safety, protection and costs for example, have recently caused large superconducting magnets to be designed for very large currents (5-100 kA) and relatively small inductance.
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In 1979 a five year project was started to develop a fluxpump for very large currents (10-100 kA) with an energy efficiency of at least 95% and maximum power under these conditions. A fluxpump is a cryogenic power supply for inductive loads. Because the device works in the cryogenic environment of a superconducting load (a magnet mostly), the heat leak and ohmic dissipation losses in case of high current feed throughs and leads from room temperature to the cryogenic space are avoided for the greater part. It depends on the circumstances and the future capacities of the fluxpump whether it can energize an inductive load completely or can only work as a loss make up device in case of demountable leads. Several reasons: safety, protection and costs for example, have recently caused large superconducting magnets to be designed for very large currents (5-100 kA) and relatively small inductance.
One has to find out whether a fluxpump could be as an alternative to the enormous room temperature rectifiers which are now being planned to deliver such currents. In the case of a fluxpump, the input power leads only carry low currents for controlling and running the fluxpump.
In a review 1 of the various types of fluxpumps, design criteria have been developed in order to improve the operation of superconducting rectifiers. This review contains a nearly complete list of references dealing with this subject.
As yet research only concerns half wave and full wave rectifiers (Fig. la, b) . At present the largest current obtained with a full wave rectifier fluxpump is 8 kA. 2 The diodes normally used at room temperature are replaced now by controlled switches. The requirement of high efficiency forces the rectifier to work in the inductive commutation mode. This means that the secondary current is inductively transferred from one loop to the other avoiding any switching losses. Furthermore, extra loss is avoided by keeping all circuit currents constant during the switching on and off times. Fig. 1 c shows the waveforms of the primary current, both switch control currents and the ideal load current, in the case of a full wave and a halfwave rectifier when loading a purely inductive load. If both switches are closed, the commutation step M, which is proportional to the already pumped current 1L, induces in the secondary circuit that current which results in zero current in the switch to be opened. For 81 = 0 the pump operates in the so called resistive commutation mode.
The weakest parts in the superconducting rectifiers are the necessary fast repeating superconducting switches which have to carry the full load current in the on state and which must have enough resistance in the off state to limit leakage currents and ohmic dissipation.
Research mainly concerns the development of these switches. Further topics are ac losses in transformers and switches, high current joints between various types of superconductors as well as protection and control systems for the whole device.
In the next three sections experimental results obtained with three rectifiers are presented.
A thermally switched 1 kA halfwave rectifier fluxpump
The thermally switched halfwave rectifier now being discussed is shown in Fig. 2 The total secondary circuit is constructed from one type of monolitic conductor (IMI; 3.6 x 1.8 mm 2 ; 2263 NbTi, 35 tan fil.; Cu/sc = 1.77/1, twist 43.4 mm;Ic = 3.4 kA at 5 T).
The three joints in the circuit are made by soldering (97 Pb 3 Ag) the copper matrixes with an overlap of 3 cm 2 . A great advantage of using one type of conductor is that less joints have to be made (at least 2) and that difficult joints between different types of conductors are unnecessary. The total resistance of the three joints together was measured via the decay time of the secondary circuit (L/R = 4.4 h) and is 2 x 10 -1° ~2.
For demonstration purposes there is no need for a big load inductance. The only condition is that the load coil inductance (2.6/all) is much larger than the inductance of the shortcircuited secondary of the transformer (0.45/all). The Hall voltage is fed back to the waveform generator to regulate the communication step 81 in the primary current Ip (Fig. l c) .
The current amplification in the shortcircuited situation (both switches dosed) is 260 and 30 when the load is connected (switch $1 open). The theoretical maximum load current (¢/l~ = 2 IpM/lsec) for this geometry is 500 ip A, apart from conductor limitations. Above 1100 A the conductor in the switches quenches due to the instability of the conductor there. This result was to be expected because a degradation of the critical current by a factor of seven is quite normal in the absence of the copper matrix, especially in the low field region 0.5 -1.5 T. To overcome this phenomenon one has to find a good compromise between decreased stability and sufficient resistance of the conductor when the switch is open. Otherwise more parallel switches can be used or one has to give up the concept of using only one type of conductor in the secondary circuit.
This fluxpump operated at frequencies from 0.1 up to 10 Hz. Above 1 Hz the 1100 A is not reached because the switches do not cool down completely to 4.2 K so that the critical current is lowered further. Fig. 4 shows the loading process for the cases of the resistive (8I = 0) and two inductive commutation modes.
If the commutation step (8/) is added to the constant amplitude of the primary current ( Fig. 4b ) a linear curve is obtained.
If, however, the commutation step (8I) is substracted from the amplitude of the primary current (Fig. 4c) and in the resistive cummutation mode (81 = 0) (Fig. 4a) , the same exponential shape of the load curve is found. 
At 1100 A the secondary circuit quenches and the stored energy (1.5 J) is dissipated.
When the amplitude of the primary current (/p) is 3.7 A at 0.2 Hz, the maximum current of 1100 A is reached within 35 s with an average power of 40 mW (Fig. 4a, c) .
The decrease of the load current at the time that $2 is opened is clearly seen in Fig. 4a . This current loss is proportional to the load current itself and is due to the loss of the stored energy in the secondary circuit except the load coil.
This energy is dissipated when $1 opens. These decreases of the load current are absent in the inductive commutation mode (Fig. 4b, c) . Unwanted magnetic couplings between transformer and the shortcircuited load coil causes steps down and up in the load current curve. The experimental set up and electrical scheme of the magnetically switched full wave rectifier is shown in Fig. 5 . The primary of the transformer for this pump is the same as the one in the previous section.
The complete secondary circuit is made of a niobium foil conductor (KBI INC; 106 x 0.025 mm 2 ;Ic ~ 1.5 kA at 0.2 T; Tc ~ 9 K). The twice doubled foil (27 mm wide) is used to make a load coil and the rest of the secondary circuit except the transformer. The two secondary turns of the transformer consist of three times doubled foil (14 mm wide).
The six joints in the secondary circuit are spotwelded. One spot for every 50 A is sufficient. A decay time (L/R) of the secondary circuit of more than 125 days determines the combined resistance of the six joints to less than 10 -12 ~2. The load coil has 15 turns on a 56 mm diameter, 53 mm long coilform, an inductance of 11/all and a central field of 0.24 T kA -1 . The current amplification is 900 in the shortcircuited situation when both switches are closed and 8.5 when the load is connected (one switch open).
The secondary currents are measured in the same way as described in the previous section
The magnetic switches consist of a noninductive shaped superconductor which is transfered to the normal state in an overcritical magnetic field (Be2 ~ 0.37 T).
One meter niobium foil is bifilarly folded in a sandwich geometry (Fig. 6 ) which gives a normal resistance of 2.5 mf~. at 4.2 K. The foil is cut into four parallel strips of 2.65 cm width which are put on top of each other.
Then the foil is zigzagged to form the bifilar geometry. An oxidized aluminium strip lies between every two niobium layers. Because the oxide on the aluminium surface was too vulnerable, extra plastic insulation was required (Fig. 7) .
The rectangular switch element is pressed between the two halves of the coil form. Simple solenoids make a central field of 50 mT A -1 parallel to the conductor surface. The lengths of the switch coils and the niobium part of the switch element are 5 and 2.65 cm respectively. The magnetic field at the edges of the niobium is about 60% of the central field. The aluminium strips lie in the direction of the coil axis and protrude into the helium to form cooling ribs. At T = Tc ~ 9 K this switch geometry can conduct a stationary heating power of 15 W.
Although a perpendicular field on the superconductor is preferred, this is not possible while still retaining the aluminium cooling fins. Besides, the perpendicular field would cause undesirable eddy current losses in the niobium and aluminium.
The theoretical maximum current in this geometry (/max =dPo/ls~e = 2/pM//see) is 1800/p A.
In the frequency range below 1 H_z a stable current of 1000 A can be pumped.
Usually the circuit quenches during the resistive or inductive commutation part of a cycle (large d//dt). Sometimes it happens during the increase of the load current.
Considering the critical current density of the niobium, the magnetic field in the load coil and the self field of the current between the close parallel conductors, a larger load current cannot be expected. Niobium is unsuited as a high current conductor.
Remarkable is the perfect shape of the load curve in both resistive and inductive commutation mode (Fig. 8) . The inductive commutation with constant primary amplitude is shown here. If the load curve is linear then:
Also there is a complete absence of unwanted coupling and current loss for a magnified case (not shown in the figure) . The frequency of operation in magnetically switched fluxpumps is limited by ac losses and the inductances of the switch field coils. When decreased, efficiency is acceptable for certain applications the use of 50 Hz mains and directly derived waveforms can be attractive. 3 The power of the rectifier can be increased considerably by a factor of 2500 compared to the previous low frequency, large current rectifiers.
A transformer and both switches are connected as shown in Fig. 9 . The rectifier is tested with a pure ohmic load outside the cryostat. The brooks coil transformer is wound on a glassfibre epoxy cylinder (53 mm diameter). From the inside moving outwards, the packet of windings consists of eight primary layers, 2 x 4 secondary layers and again Both switches have been combined in one geometry. Wound on a 59 mm diameter glassfibre epoxy cylinder there are successively the first de field coil, one switch element, an ac field coil, the other switch element and the second dc field coil. The coils are spaced with thin nylon wire to allow helium flow. Every two layers a layer of thin copper wires allows for more helium penetration between the layers and extra cooling. Both nylon and copper wires lie in the direction of the coil axis with mutual distance of about 1 mm. a b Dependent on the direction of the current in the ac coil the magnetic fields are added and subtracted at the switch elements successively. The dc coils produce a subcritical field at both switch elements.
The field of the ac coil alternately drives the gates normal. There is a time interval in which both gates are superconducting. This depends on the value of the bias field. During this time interval, the current is transferred from one gate to the other.
Whether or not the current transfer will be complete depends upon several factors such as switching on and off times. Generally a mixture of inductive and resistive commutation takes place. The current through the ac switch coil has to be nearly in phase with the secondary current in the transformer Otherwise the switch conductor goes normal because the field dependent critical current is exceeded.
Several tests have been performed with sinusoidal input currents. At 15, 25 and 50 Hz the rectifier supplies a stable power of 120, 100 and 60 W rms respectively into a 80 mi2 resistor outside the cryostat. At 15 and 25 Hz the total cryogenic losses of the whole device are about 5 and 10% whereby the transformer loss is less than 1%. Fig. l0 shows the rectified output current and both gate currents at 25 Hz. The total magnetic field in the switches is swept between 0.60 and 0.88 T. The decrease of the obtainable power with increasing frequency is caused by increasing ac losses limiting the current through the ac field coil. Moreover the whole device operates in the field range of 0.5 -1.5 T where conductor stabilization is problematic.
